A geographic information system (GIS) based manure application plan has been developed for the site-specific application of animal waste to agricultural fields in the
Introduction
Animal waste is recycled in agricultural fields as manure and is a valuable source of plant nutrients (Younos, 1990) . Application of manure to agricultural fields not only supplies nutrients to the plants and conditions the soil but is also a convenient method of disposal. However, the number and size of intensive animal production facilities has been increasing in the Condamine catchment of the Murray-Darling Basin (MDB) of south-east Queensland, Australia, resulting in an increase in the quantity of animal waste requiring disposal. Excessive application of manure to the surrounding agricultural fields in this area has become a significant problem (AgWise, 1999) . Excessive Ł Corresponding author. Email: basnetb@iprimus.com.au manure application may be contributing to a range of environmental problems including the nitrification of ground water systems (Eghball and Power, 1994) in the Condamine catchment (AgWise, 1999) , and/or eutrophication of the surface water systems (Daniel et al., 1994) which is responsible for causing toxic algal growth (Couillard and Li, 1993) in the Murray-Darling River system (Herath, 1997) . On the other hand, inadequate or excessive manure application may also lead to a reduction in crop yields due to plant nutrient deficiency and/or imbalances (Sutton, 1994) . Thus, the application of manure to suit crop needs is fundamental from both an agricultural and environmental perspective. However, identifying the correct quantity of manure to apply to meet the crop nutrient requirement is difficult without considering all of the influencing variables. For instance, nutrient availability may fluctuate from one field to another, crop nutrient requirements may differ from crop to crop, and nutrient levels may vary between manure types. In addition, the overall suitability of fields for manure application may vary depending on site limitations such as soil properties, inherent soil fertility, slope, land use/cover, distances to streams and towns, road distances, and proximity to intensive animal industries (Safley, 1994) .
Procedures to calculate animal waste application rates for a given tract of land have been available for some years (e.g. Joern and Brichford, 1993) . Computer based programs (Table 1) have also been developed to calculate manure application rates. Most of these programs are based on typical manure application-rate calculation procedures that take the crop nutrient requirement, manure nutrient content, and nutrient available in the soil into account. Some programs are also able to optimise the manure application rate incorporating social, economic and environmental factors in the analysis. However, none of these programs are designed to exclude highly sensitive areas such as those too close to human settlements and watercourses or those with steep slopes. Exclusion of sensitive areas requires the inclusion of spatial considerations and the overlaying of the influencing factors, which is beyond the scope of typical manure rate calculating programs (or procedures). These programs (or procedures) are also not meant to differentiate fields (or parts of a field) in terms of their level of suitability and therefore do not offer management alternatives to overcome the various degrees of suitability identified between (or within) the fields. They also have a limited capacity to calculate manure application rates for several fields (i.e. spatial locations) at any one time.
The suitability of a field for manure application depends on the biophysical (e.g. soil property, slope, and land use/cover), environmental (e.g. proximity to watercourses), social (e.g. proximity to residential area), and economic (e.g. manure hauling distance) factors. Due to the range of factors involved, the suitability of the fields (or parts of a field) may vary widely. Unsuitable areas should not have manure applied while those with a lower degree of suitability may require specific treatment such as a reduction in the manure application rate or management practices to reduce environmental impacts and/or meet social, economic, agricultural, and environmental requirements. Quite often any detrimental effect of manure application to sites with a low degree of suitability can be reduced with additional technological measures. For example, liquid manure may be injected into the ground and solid manure can be incorporated into the soil to reduce potential nutrient loss, increase nutrient use efficiency, and minimise odour (Sutton, 1994) . Similarly, vegetative buffers can be maintained around fields receiving animal waste to minimise nutrient run-off (Safley, 1994) or the manure application rate could be adjusted to avoid the oversupply of critical nutrients (Couillard and Li, 1993) . However, these technological measures can only be recommended where the degree of site suitability is known.
Spatial problems such as the exclusion of sensitive areas, the determination of the degree of Sutton et al. (1994) Estimates the nutrient value of manure and recommends a manure application rate that matches crop requirements.
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University of Nebraska-Lincoln, USA Koelsch (1999) Estimates the land area required for agronomic utilisation of manure nutrients.
site suitability, and the calculation of the waste application rate for various spatial locations can be resolved using a geographic information system (GIS). A GIS is a computer-assisted system for acquisition, storage, analysis and display of geographic data (Eastman, 1999) . It is also possible to combine a range of biophysical, environmental, social, and economic factors to produce a planning output. For instance, sensitive areas can be excluded by performing a simple Boolean overlay operation (i.e. logical yes or no) for each factor (map layer) using a GIS (Basnet et al., 2000) . Similarly, the use of a weighted linear combination (WLC) model within the GIS can exclude sensitive areas and discriminate the remaining areas into various degrees of suitability (Siddiqui et al., 1996; Eastman, 1999; Basnet et al., 2001) . However, using a WLC model for the degree of suitability determination requires making the input factors commensurable by reducing the factor attributes (i.e. continuous data) into either discrete weighted classes (e.g. Hopkins, 1977; Burrough, 1989) or into a fixed range (e.g. between zero and one) of a continuous scale (Eastman, 1999) . The GIS is also capable of combining large volumes of spatial and non-spatial data to produce a map with site-specific outputs. For instance, the spatial parameters (e.g. crop distribution and site suitability maps) could be combined with the non-spatial parameters (e.g. crop nutrient requirements) using a map algebra function to produce a site-specific plant nutrient requirement map. With the availability of manure nutrient contents, the plant nutrient requirement map could also be translated into a manure application rate map using a similar algebraic function within the GIS.
The rate of animal waste application within agricultural fields is generally based on the crop requirement for either nitrogen (N) or phosphorus (P). However, excess P may be applied to soils where the manure application rate is based solely on the nitrogen content (Sutton, 1994) . This is because of the difference in the N:P ratios which exist between the manure content (¾3:1) and the crop requirement (¾8 : 1) (Daniel et al., 1994) . Excessive application of P is a serious environmental concern because it is the single most important nutrient influencing eutrophication and toxic algae blooms (LWRRDC, 1997; Young et al., 1996; Herath, 1997) . Hence, manure application rates should generally be based on phosphorus contents (Sutton, 1994; Eghball and Power, 1994) in areas with potential surface water eutrophication problems (Moore et al., 1995) such as those found in the Murray-Darling Basin (Kuhn, 1993) .
Objectives
Agricultural, environmental, and/or socio-economic problems may arise where the rate of animal waste application to agricultural fields is determined on a limited range of factors. For instance, using manure to meet the requirements of a single plant nutrient may not necessarily satisfy the requirements for other nutrients, or may lead to run-off and leaching losses to the environment. Moreover, it may direct manure application to inappropriate sites resulting in odour or economic viability problems. Therefore, there is a need for site-specific judgement in determining the manure application sites and rates. The site-specific judgements include excluding totally unsuitable areas from animal waste application, varying application rates on suitable areas based on site-specific requirements, and using measures to minimise any environmental impacts of animal waste application on marginally suitable areas. Since site-specific management is a spatial problem, it is best addressed by using a GIS. Thus, the objectives of this study were to develop a manure application plan that: (a) recommends site-specific manure application rates, and (b) prescribes appropriate management practices to compensate for areas with a lower degree of site suitability.
Research methods

Study area
The study area (Westbrook sub-catchment in the south-east Queensland, Australia) was identified and a delineated catchment boundary for the study area was acquired from the previous study of Basnet et al. (2000) . The 24 903 hectare area of the Westbrook sub-catchment (Figure 1 ) encompasses 22 dairies, 4 feedlots, 9 piggeries, and 4 poultry farms. The sub-catchment is drained by the Westbrook Creek system and is relatively flat (i.e. 90% of the area has less than 10% slopes) with undulating hills. Fertile self-mulching Vertisols are found on the flat areas and are generally used for extensive farming. 
Data collection and pre-processing
Eight factors affecting the suitability of a site for animal waste application (i.e. land use, soil type, soil fertility, slope, and proximity to intensive animal industries, roads, streams, and towns) were selected according to the criteria outlined in Basnet et al. (2001) . The data sets were digitised from 1:25 000 and 1:50 000 maps acquired from either the Queensland Department of Natural Resources (QDNR), the AgWise project of the Eastern Downs Regional Organisation of Councils Queensland, and ERSIS Australia. Slope was derived from the digital elevation model (DEM) created in an earlier study (Basnet et al., 2000) . Town coverage was extracted from a cadastral map obtained from the QDNR. The soil fertility map was derived by encoding the available P 2 O 5 values (Thompson and Beckmann, 1959) onto the soil map. Laboratory based soil chemical analysis to determine current soil phosphorus status, though highly desirable, was not pursued in this study. All (derived and original) data sets were preprocessed using ARC/INFO 7Ð2Ð1 (ESRI, 1997) to create raster grids (i.e. input factors) of 10 m ð 10 m cell resolution. Euclidean distances were calculated for the stream, town, road and intensive animal industry data-sets.
Factor attribute standardisation
Factor attributes considered unsuitable for animal waste application (e.g. slopes greater than 10%, areas too close to the watercourses, and very shallow soil types) were excluded from the input factors. The exclusionary criteria for each input factor were determined from the available literature (Table 2) .
The remaining factor attributes were made commensurable by scaling them linearly in a continuous scale between zero and one. A continuous scaling (i.e. fuzzy classification) method of factor attribute classification was used due to the difficulties associated with discrete classification both in terms of the number of classes and weight distribution between classes (Burrough, 1989), and their effect on the degree of site suitability (Basnet, 2002) . A fuzzy classification of the factor attributes was performed using linear scaling equations (Equation 1a or 1b). When the largest value is best suited (e.g. proximity to streams and towns)
When the smallest value is best suited (e.g. ground slope and road distance)
Where X i Dscale of i th cell, R i Dvalue of i th cell, R max Dmaximum value, R min Dminimum value. For the factors with categorised data (e.g. soil map), the attributes were ranked (i.e. 1, 2, 3, . . . n) in order of least to most suitable before scaling using Equation 1a.
Factor weighting
Weighting of factors was necessary to account for the unequal contribution of the input factors when discriminating suitable areas for animal waste application. Factors were weighted using an objective oriented comparison (OOC) method (Table 3) employed by Basnet et al. (2001) . The objectives and scores for the OOC were identified via interview with a panel that included representatives of the catchment stakeholders (e.g. farmers, local shire councils, government departments, and university). Factor weights were assigned so that they summed up to one as required by the weighted linear combination procedure (Eastman, 1999) .
Site suitability determination
Weighted and linear scaled factors were combined using the following weighted linear combination (WLC) model to produce the site suitability map.
Where, S i Dsuitability value for each cell location f ji .scaleDgrid dot notation for factor attribute scale; and w j Drespective weight for factor f j (from Table 3 ) Table 3 . Determination of the relative importance weight of input factors using an objective oriented comparison (OOC) matrix Two separate suitability maps were created. Incorporating all eight input factors produced an overall suitability map (SUIT in Figure 2 ). The degree of suitability values (i.e. variations in cell values between spatial locations) on this map were expressed over a non-dimensional range of 0 to 100 prior to classifying them into three suitability classes using the equal interval function available within ArcView GIS (ESRI, 1996) .
Input factors Objectives
The second 'environmental' suitability map (ESUIT in Figure 2 ) was produced by incorporating only the environmental factors (i.e. land use, soil, soil fertility, slope, and proximity to streams). The suitability values obtained in this map were expressed on a linear scale between zero and one where one was the maximum value and the absolute nature of the suitability values was unchanged.
Validation of suitable sites
The predicted suitability map (SUIT in Figure 2 ) was validated using data obtained from field measurements. Sixty-two sites in the sub-catchment were randomly visited, their geographic locations were determined and the suitability assessed to produce an observed suitability map. The observed and predicted suitability maps were compared statistically. An error matrix was generated and the error of omission, error of commission and the Kappa Index of Agreement (KIA) were calculated.
Crop nutrient (P 2 O 5 ) requirements
Phosphorus was used as the base nutrient in the calculation of the manure application rates because it is the critical crop nutrient in terms of eutrophication (Sutton, 1994; Moore et al., 1995; Daniel et al., 1994; Eghball and Power, 1994) . Due to the inherently high phosphorus content (i.e. up to 1148 mg/kg P 2 O 5 ) of the Westbrook sub-catchment soils (Thompson and Beckmann, 1959) , the manure application rates were based solely on the principle of replenishing crop removal rates (Sharpley and Tunney, 2000; OSU Extension, 1992) .
A cropping map showing the spatial distribution of the various crops grown in the sub-catchment was derived from the cultivation map. The phosphorus (P 2 O 5 ) removal rates (kg/t) of crops grown under Australian conditions (Table 4) were encoded onto the cropping map to produce a nutrient (i.e. P 2 O 5 ) requirement map. Realistic target yields for each crop (Table 4) were determined on the basis of the best farm yield for the study area (QDPI, 1995) . Encoding this information onto a second copy of the cropping map produced a target crop yield map. The P 2 O 5 required to achieve the target yield for each crop was calculated through spatial multiplication of the first and the second maps.
Manure allocation and application rate
A manure allocation map, showing the application sites for various manure types, was created by taking the soils, the location of the various intensive animal industries and the ground slope into consideration. For instance, the relatively flat areas close to the dairy industry were allocated dairy lagoon as manure. The total area fertilised by each manure was determined based on the size of the intensive animal industries located in each region. In the absence of specific nutrient analysis reports, the nutrient (nitrogen, phosphorus, and potassium) contents of the various solid and liquid manures were taken from the literature ( Table 5 ). The manure P 2 O 5 content information was encoded onto the manure allocation map to produce the manure P 2 O 5 content map.
The manure application rates required to replenish the phosphorus removed in achieving the various crop target yields were calculated spatially using Equation 3 (where all three parameters were represented as map layers). Lowering the manure application rate in sensitive areas is a demonstrated method for reducing agricultural run-off and riverine algal growth (Couillard and Li, 1993) . Hence, the 'environmental' suitability map was used as a multiplier (Figure 2 ) to proportionally reduce the maximum manure application rate to an environmentally acceptable level on areas with lower degrees of suitability.
Requirements of other nutrients
Satisfying the phosphorus need of crops from manure sources would not necessarily fulfil the requirements for other essential nutrients (e.g. nitrogen and potassium). Hence, calculating the amount of nutrients added to the soil by manure application would assist users to determine any additional fertiliser requirements. Therefore, the amount of ammonium nitrogen (NH 4 -N) that would be added to the soil from the manure was calculated spatially as a product of the manure application rate and the NH 4 -N content in the manure (Table 5 ). The manure map was encoded with the manure NH 4 -N content information before performing this computation. However, the Westbrook sub-catchment soils have a high exchangeable potassium content (greater than 78 ppm) and crops on these soils do not normally respond to additional potassium applications (Thompson and Beckmann, 1959) . Therefore, no attempt was made to equate the demand and supply of potassium.
Management alternatives
The classified site suitability map (SUIT in Figure 2 ) was used as a guide to suggest appropriate manure management practices. Manure management practices have been suggested as a method to overcome the lower site suitability of some areas. The manure management practices were identified from the literature and are presented as first step in defining appropriate management alternatives within this framework.
Results
Sites suitable for animal waste application in the Westbrook sub-catchment were identified (Figure 3) . A total of 5321 hectares (i.e. 21Ð4% of the total 24 903 ha sub-catchment area) was found suitable for manure application. The comparison of the observed and predicted suitability maps revealed an overall agreement of 87Ð1%. The error of omission, error of commission, and the Kappa Index of Agreement are shown in Table 6 .
The suitability values of the suitable sites ranged between 38 and 100 on a scale of 0 to 100. The weighted average of the suitability values was 70Ð4 with a standard deviation of 11Ð4. When classified into three arbitrarily chosen classes, 14Ð4% of the total area was moderately suitable (value range: 51-75), while 0Ð4% was fairly suitable (value range: 38-50) and 6Ð6% highly suitable (value range: 76-100) for manure application.
A number of manure management practices (Table 7) have been suggested as management alternatives to compensate for the lower degree of site suitability. In general, there is an inverse relationship between the number of suggested manure management practices to be adopted and the degree of site suitability values.
The main crops grown on the land suitable for manure application (5321 ha) were wheat, barley, lucerne and sorghum (Table 8 ). The amount of phosphorus (P 2 O 5 ) required to be applied to achieve the target yield for each crop ranged from 22Ð8 to 131Ð3 kg/ha (Table 8) .
The proposed allocation of the various manures to the suitable land in the Westbrook subcatchment is shown in the manure allocation plan (Figure 4) . According to the plan, 3822 hectares (i.e. ¾72%) of the suitable area should be fertilised with the liquid manure (i.e. dairy and piggery lagoon) while the remaining 1499 hectares (i.e. ¾28%) should receive solid animal waste (i.e. feedlot, dairy, and poultry manure) as fertiliser. The majority of the liquid manure area (2421 ha) should be fertilised with dairy lagoon effluent while 1400 ha should be fertilised with piggery lagoon effluent. Of the areas receiving solid manure waste, 335 ha should be fertilised with feedlot manure, 577 ha with dairy manure and 586 ha with poultry litter.
A manure application plan showing the application rates of solid and liquid manure on the suitable lands (i.e. 5321 ha) of the Westbrook subcatchment was produced ( Figure 5 ). The liquid manure application rates ranged up to 500 m 3 per hectare. When classified by the volume of manure application, 3219 ha should have up to 170 m 3 /ha of liquid manure applied. However, application rates greater than 170 m 3 /ha should only be applied to 603 ha. Application rates of solid manure should typically be less than 25 t/ha with less than 1% of the area recommended for rates greater than this level. In general, higher manure (both solid and liquid) application rates were associated with areas used for lucerne cropping.
A map showing the amount of ammonium nitrogen (NH 4 -N) potentially applied to the soil according to the manure application plan ( Figure 5 ) was created (Figure 6 ). The application of NH 4 -N from the manure sources ranged between 0 and 180 kg/ha. Addition of NH 4 -N to the soil was Consider timing of manure application -no manure should be applied when the ground is too wet or likely to be wet soon. Consider multiple light applications rather than a single heavy one. Ensure correct application rate -accurate calibration of manure applicator is critical. Khaleel et al. (1980 ) OSU (1995 Eghball and Power (1994) Waskom (1994) 50 to 75 (moderate to high suitable areas)
All the above. Apply manure on tilled surfaces -run-off of nutrient from no tillage and vegetated area is likely to be high when the rain follows manure application. Avoid overland flow method of application -it can have adverse environmental effects. Gupta et al. (1997 ) Khaleel et al. (1980 ) Liu et al. (1998 25 to 50 (low to moderately suitable areas)
All the above. Incorporate solid manure and inject liquid manure -incorporation and injection of manure reduces run-off loss of nutrients, minimises ammonia loss and odour, starts decomposition process sooner, and improves soil physical properties.
Sutton (1994) Couillard and Li (1993) Eghball and Power (1994) 0 to 25 (least suitable areas)
All the above. Adopt additional management practices such as vegetative buffers and contour banks -these features are helpful in reducing run-off loss of nutrients from the fields fertilised with animal waste. proportional to the manure application rates with 4432 ha receiving less than 60 kg/ha of NH 4 -N, 390 ha receiving between 60 and 120 kg/ha, and ¾500 ha receiving more than 120 kg/ha.
Safley (1994)
Discussion
Site suitability
The site suitability analysis revealed that the area suitable for animal waste application was less than 22% in the Westbrook sub-catchment (Figure 3) . The low proportion is attributable to the presence of a large proportion of non-agricultural (e.g. residential) areas in the sub-catchment. The validation of the suitability map found that the overall accuracy of determination was 87Ð1%. The Kappa index of agreement (K), which measures the proportion of agreement after chance has been excluded, revealed a value of 0Ð71. Considering the maximum Kappa value of C1Ð0 for total agreement, 0Ð0 for chance level of agreement, and 1Ð0 for no agreement, the value of 0Ð71 is highly significant. The errors of omission and commission, which measure the correctness of prediction, are used to judge the adequacy of prediction and the means to increase the prediction accuracy (Eastman, 1999) .
Managing degree of site suitability
The degree of suitability for the suitable area is relatively high (i.e. overall weighted average of 70š11 in the scale of 0 to 100). This is due to the exclusion of 'unsuitable' areas from each of the input factors prior to using the WLC model. Since most input factors are intrinsic in nature (e.g. fixed slope, soil type, or distance from stream), very little Geographic information system based manure application plan 109 can be altered to improve the degree of suitability values without affecting the quality of measurements. However, the low suitability for animal waste application of some agricultural fields may be overcome by the adoption of appropriate manure management practices such as those suggested in Table 7 . The manure management practices are targeted to maximise nutrient use efficiency while minimising the environmental and social risks associated with manure use. For example, maximum nutrient benefit and odour control and minimum nutrient run-off is accomplished when the manure is injected or incorporated into the soil. This practice not only minimises nitrogen loss to air and/or to run-off but also allows soil microorganisms to start decomposing the organic matter making the nutrients available to the crops faster . Almost every field receiving animal waste would benefit from the manure management practices. However, these practices are more crucial in areas with lower suitability. At this stage, the manure management practices identified from the literature (Table 7) are suggested as a first step in defining appropriate management alternatives to overcome the lower degree of site suitability. Further investigation is necessary to evaluate the effectiveness of each practice before recommending them as best management practices.
Crop nutrient requirement
Manure may be applied in suitable areas to satisfy the nutrient requirements of the crops. However, assessment of the crop nutrient uptake is crucial for manure application planning. An accurate assessment of the crop nutrient requirement involves consideration of the nutrient uptake by the crops in each field, the target yield, the number of different crops grown in each field, and the number of harvests per year for each crop. For instance, crops such as soybean and sunflower remove more phosphorus than wheat, barley and maize (Table 4) . Crop yield may also vary from field to field and season to season. Overall nutrient removal rates are also likely to increase with increases in crop yield. All or most of these factors are likely to vary from season to season and year to year. However, most of the cropping information employed in this analysis (Table 4) was derived from cultivation and cropping information published before 1998. At the time, single harvests were common practice for most of the crops (e.g. grains and oil seeds) except lucerne, which was typically harvested seven times each year. Hence, as crop types, planting area and management practices will vary over time, manure application plans should be routinely updated to incorporate temporal changes in both the cropping and management factors.
Manure allocation
The manure allocation (i.e. distribution) plan is the key to the calculation of manure application rates. In this instance, the manure allocation plan (Figure 4 ) was developed on the soil map by taking the location of the intensive animal industries and ground slopes into account. Depending on the availability of data, many more factors (e.g. crop type, soil properties, transportation cost) could be taken into account to develop a more specific plan. The land areas allocated to each manure type ( Figure 4) were based on the best estimates available at the time. However, this is a oneoff example and could be expected to change over time as the allocation of manure to fields depends on many factors including management decisions and manure availability. The allocation of manure has a direct affect on the application rates since the availability of nutrients varies significantly between the manure types (Table 5) . Therefore, an accurate manure allocation plan is a pre-requisite for manure application rate calculation.
Manure application plan
The calculation of manure application rates (using Equation 3) is straightforward where crop P 2 O 5 requirement (Table 8 ) and manure P 2 O 5 content (Table 5 ) information is available. However, it should be noted that the manure application rates calculated at this stage are maximum values based on crop removal rates and do not take the degree of site suitability into account. These application rates were subsequently adjusted to a safer level by using the scaled environmental suitability values (ESUIT in Figure 2) as a multiplier. The use of environmental suitability values, derived from the environmental factors (i.e. land use, soils, soil fertility, slope, and proximity to streams), to proportionally lower the manure application rates to an optimum level is equitable because these factors are responsible for higher environmental risks at higher manure application rates. For example, applying high manure application rates to land with either high soil fertility or steep slopes is likely to produce higher nutrient run-off. In this case, reducing the manure application rate will effectively reduce the environmental risks associated with animal manure use (Khaleel et al., 1980; Couillard and Li, 1993) . The manure application plan for the Westbrook sub-catchment ( Figure 5 ) showed both the liquid and solid manure application rates. However, the proportion of the area covered by liquid and solid manure or by the specific manure types (e.g. dairy lagoon, poultry litter, feedlot manure, etc.) was a function of the suggested manure allocation plan (Figure 4) . Irrespective of the areal coverage and/or manure used, the manure application plan ( Figure 5 ) recommended higher manure application rates on areas growing lucerne. This is due to the high P 2 O 5 removal rate by lucerne (Table 8 ). This suggests that larger amounts of manure could be utilised within the sub-catchment if the proportion of the cropped area growing lucerne, or other crops which consume high levels of P (e.g. soybean, sunflower), was increased.
The manure application plan ( Figure 5 ) is a one-step guide for manure management in the Westbrook sub-catchment that should prove to be a useful blueprint for many practitioners/professionals including farmers, manure managers, and environmentalists. The plan may also assist in identifying potential manure application sites when locating new intensive animal industries in the sub-catchment. However, the development of a manure application plan that is based on a pre-programmed crop and manure allocation plan is limited in its capacity to deal with changes in cropping and/or manure distribution patterns. Minor changes in cropping and/or manure distribution plans could be accommodated by using supplementary information (e.g. Table 9 ) as a guide to work out the maximum manure application rates.
To identify the amount of additional nitrogen what might need to be applied after manure application from other (chemical) sources, it is necessary to know the amount of NH 4 -N applied by the manure application. However, in identifying additional fertiliser requirements, farmers should ensure that the total crop requirement for each nutrient (especially N, P and K) is not exceeded. 
Conclusion
A GIS based framework for the development of manure application plans has been developed and a specific plan presented for the Westbrook subcatchment of the Murray-Darling Basin, south-east Queensland, Australia. Data availability, currency, and accuracy are critical in developing a sound plan. Further refinement of the plan should focus on obtaining more recent, reliable and relevant data, improving the accuracy of the crop and manure distribution mapping, and refining the information available on both crop nutrient requirements and manure nutrient contents. The development of this plan has added a new dimension to manure management by:
(1) Providing a manure application guide for the whole sub-catchment while prescribing sitespecific manure application rates to individual farms. (2) Prescribing manure application based on a combination of social, economic, environmental, and agricultural factors. (3) Using crop P 2 O 5 requirements as the basis for the manure application rate calculation and incorporating 'environmental' suitability in the final recommendations for the rates. (4) Recommending practices to reduce the risk associated with manure application in areas of lower suitability. (5) Providing information necessary for the sitespecific application of nitrogenous fertiliser based on the amount of ammonium nitrogen added to the soil by manure applications.
